Abstract Aims: To define the effects of insulin treatment on body composition and fat distribution, and investigate the potential role of body weight (BWt) gain predictors in patients with poorly controlled type 2 diabetes. , with the FFM increase due solely to total body water [TBW; +2.4 (1.5) l], as there were no detectable changes in total body protein or bone mineral, thereby increasing FFM hydration by 1.3%. More body fat was deposited centrally in patients receiving insulin alone than those receiving insulin with an oral hypoglycaemic agent (metformin). Daily insulin dose, HbA 1 c and hip circumference were independent predictors of BWt gain. Conclusions: Insulin treatment increased fat and FFM similarly in poorly controlled type 2 diabetes patients, with the FFM gain due entirely to TBW. The possible role of metformin in reducing central fat accumulation following insulin treatment warrants further investigation into its mechanism and potential long-term benefits.
Introduction
Clinical features of poorly controlled type 2 diabetes include fatigue, body weight (BWt) loss, polyuria, polydipsia and polyphagia. Initial treatment with dietary advice and oral hypoglycaemic agents aims to optimise glycaemic control, but many patients eventually require insulin treatment with increasing duration of their diabetes [1] . Although insulin is known to be associated with BWt increase [2, 3] , few studies have examined the composition and distribution of BWt gain with insulin in type 2 diabetes. Some studies [4, 5] have shown an increase in fat-free mass (FFM), while others found an equal gain in both fat mass and FFM [6] . However, many of the techniques used in these studies have not been specifically validated for use in type 2 diabetes patients and rely on assumptions that may be inappropriate in type 2 diabetes. Most [7] [8] [9] used bioelectrical impedance analysis (BIA), while others used dual energy X-ray absorptiometry (DXA [5, 6] ) or tritiated water [10] . No study has yet applied a reference method suitable for assessing key features or changes in the FFM, such as its hydration fraction (HF ffm ) or density (D ffm ). An increase in central fat mass has also been indicated [10] , which is associated with cardiovascular disease and increased morbidity and mortality [11, 12] . It is possible, therefore, that any increase in visceral fat deposition due to insulin treatment could offset the advantage of improved glycaemic control.
Although the reference four-component model (4-CM) that compartmentalises the body into fat, mineral [from bone mineral content (BMC)], total body protein and total body water (TBW), has been used to assess body composition in healthy adults [13] , it has not been applied to type 2 diabetes. This 4-CM will be accurate for use in type 2 diabetes patients because it abolishes the need for assuming constant relationships among the major components of FFM that are inherent in other body composition models [13] . These include the various relationships between total body mineral (consisting of BMC and nonosseous mineral in assumed constant ratio), total body protein and TBW. The assumed constancy leads to the use of constant values derived for indices, such as HF ffm or D ffm . These values are almost always based on samples from healthy populations and are known to be associated with often substantial inter-individual variability and possible systematic biases if applied to sample groups exhibiting different characteristics (e.g. patients with type 2 diabetes). Another advantage of the 4-CM methodology is that DXA (used to measure BMC) can also be used to provide segmental estimates of fat and FFM.
Therefore, the aims of this study on insulin treatment in poorly controlled patients, on maximal oral hypoglycaemic drugs for type 2 diabetes, were: (1) to investigate the effects of insulin on body composition using a 4-CM; (2) to test the hypothesis that BWt gain is predominantly centrally deposited fat, representing potential increased health risks; and (3) to evaluate significant predictors of BWt gain with insulin therapy.
Subjects and methods
In this 6-month prospective study, patients were assessed at four time points: at baseline prior to the initiation of insulin (Month 0), after 4 weeks of treatment (Month 1), and again at 3 (Month 3) and 6 months (Month 6) follow-up. All measurements were performed by a single observer. Insulin was commenced within a week of the baseline assessment. The study was approved by the South Bedfordshire Local Research Ethics Committee, and all subjects gave informed written consent prior to participation.
Subjects
Patients were recruited from the hospital Diabetes Clinic. The decision to commence insulin was taken by the patient's clinician, with the dose of insulin based upon the patient's BWt and level of hyperglycaemia. The inclusion criteria were as follows: (1) men and women with type 2 diabetes aged between 35 and 75 years; (2) fasting plasma glucose greater than 10 mmol/l; (3) HbA 1 c greater than 8%; and (4) receiving maximal doses of oral hypoglycaemic agents. Exclusion criteria were as follows: (1) uncontrolled hypertension, BP >140 mmHg systolic and >95 mmHg diastolic; (2) the presence of severe nephropathy; (3) any intercurrent illness, infection or malignancy; and (4) receipt of medication known to affect BWt regulation and appetite. All patients who initially volunteered (n=26) provided a thorough medical history, had a physical examination and underwent laboratory investigation at baseline visit. Seven either did not complete the study or were withdrawn: one was lost to follow-up; one withdrew consent after family bereavement; three were excluded on medical criteria (one newly diagnosed subclinical hypothyroidism, one with HbA 1 c <8% and one nightshift worker requiring an insulin regimen change); one was withdrawn due to concurrent severe back pain necessitating clinical investigation; and one was excluded from the final analysis as measurements at baseline were implausible. Subjects attended the Research Centre at 08:00 hours, following a 10-h fast for all visits.
Demographic and laboratory characteristics, presented as mean (SD), of the 19 compliant subjects (14 male, five female; 13 Caucasian, five Asian, one Afro-Caribbean; five were smokers) at baseline were: age, 60. , because the use of metformin is considered to be of benefit for the overweight type 2 diabetes patient [14] .
Anthropometry
BWt was measured to the nearest 0.1 kg on calibrated digital scales and height to the nearest 0.1 cm on a wallmounted stadiometer, from which BMI was calculated (kg/m 2 ). Waist and hip circumferences were measured and the WHR calculated. Sagittal abdominal diameter was measured as the vertical distance in cm from the highest point on the abdomen to the back using a steel tape attached to a horizontal rule, with a spirit level anteriorly and a steel plate posteriorly.
Body composition
The reference 4-CM of body composition used in this study [13] combines measurements of BWt, body volume (BV; measured using air displacement plethysmography), TBW (estimated from deuterium dilution space) and BMC (measured using DXA): , D ffm and HF ffm , total body protein, total body mineral and total body protein as proportions of the FFM (%) and the protein/mineral ratio.
Air displacement plethysmography BV was measured using the Bodpod body composition system (Life Measurements Instruments, CA, USA), in strict accordance with manufacturer's instructions and recommendations [15] . The subjects wore tight-fitting swimming costumes and swimming caps. Essentially, BV was assessed by difference between the volume of air inside the anterior chamber of the instrument when empty and then with a subject present. Chamber air volume was measured using small pressure changes generated by an oscillating diaphragm located between the anterior and posterior chambers, using the relevant Gas Laws and taking account of ambient temperature and pressure [15] . In each test, duplicate measures of BV were performed, each lasting about 50 s. If the two measurements differed by more than 150 ml (manufacturer's determinant), a third measurement was performed. The average of the duplicate raw volume measurements, or the average of the closest two of three measurements, was used in subsequent calculations. Corrections were applied for surface area artefact and lung volume artefact, the latter based on predicted rather than measured values [16] as this procedure has been shown to be accurate and precise [15, 16] . Body density (BWt/BV) was calculated from corrected BV.
Dual energy X-ray absorptiometry Measurements of BMC were obtained from the Lunar DPX-IQ model DXA instrumentation (Lunar Radiology, Madison, WI, USA). In essence, attenuation of X-rays at two distinct wavelengths enabled more accurate estimates of BMC to be obtained because the attenuation ratio of soft tissue is used primarily for correcting BMC for confounding effects of tissue overlying bone. This soft tissue attenuation ratio, therefore, also allowed the estimation of fat and fat-free soft tissue (FFST). Subjects were measured supine and wearing a light cotton gown with metal objects, such as jewellery, removed wherever possible. The procedure involved negligible radiation exposure and a high degree of precision appropriate for longitudinal studies [17, 18] . Analysis was performed using the Enhanced Body Composition software (version 4.7d) integral to the instrument that provided estimates of whole body and segmental composition. Limb muscle and limb adipose tissue masses were calculated from DXA segmental measurements of total limb mass, BMC, FFST and fat, using a theoretical model that takes into account the gross component content of the various tissues (for example, adipose tissue comprises up to about 80% fat, which is defined here as chemically extractable lipid) constituting the limb [17, 19] .
Limb muscle mass: Estimates of limb skin mass were obtained using constant proportions of whole body surface area: 9% for each arm and 18% for each leg [17] .
Deuterium dilution A sample of saliva was collected from each subject in a salivette for the measurement of background (natural abundance) isotopic enrichment. An accurately weighed amount of dosing solution, nominally 100 g of 0.07 g deuterium oxide (99.9 APE-ck gas, Finchampstead, Berkshire, UK) per ml and previously passed through a 0.45-μm syringe filter, was administered orally to each subject. Further saliva samples were obtained after 4, 5 and 6 h. All salivettes were centrifuged to provide clear saliva samples for freezing at −20°C until analysis. Deuterium enrichment in these samples and in sham-diluted dosing solutions was measured using isotope ratio mass spectrometry as previously described [20] . Pre-and post-dose saliva samples (0.25 ml) were equilibrated for 6 h with 6 bar ml hydrogen gas in the presence of a platinum catalyst and then deuterium enrichment of the equilibrated gas measured by isotope ratio mass spectrometry. The difference between background and post-dose enrichment was used to calculate deuterium dilution space and TBW, determined using a correction factor (1.04) for non-aqueous exchange of deuterium in the body. Precision of the analyses for predose samples was 0.34 ppm SD at an average of 154.32 ppm and for post-dose samples was 0.69 ppm SD at an average of 320.54 ppm, equivalent to an error of 0.46% in the measurement of deuterium dilution space.
Laboratory analysis
All blood tests were performed on samples taken after a 10-h fast. Plasma glucose was measured using the oxidase method and the Beckman glucose analyser (Synchron LX Systems, copyright 2000; Beckman Coulter, Inc.) [21] . Serum insulin was measured using a Microparticle Enzyme Immunoassay (Abbott Imx© Insulin assay), the sensitivity of which was 1.0 mU/l, and cross-reactivity with proinsulin was 0.005%. Prior to analysis, serum from insulin-treated patients was washed with polyethylene glycol to precipitate bound insulin and obtain free insulin [22] . HbA 1 c was measured using an ion-exchange high-pressure liquid chromatographic technique and expressed as %HbA 1 c (DCCT equivalent) [23] .
Statistical analysis
Initially, all analysis was undertaken on an intention-totreat basis. Subsequently, the group of patients receiving insulin alone (n=12) and those on combination (insulin with metformin) therapy (n=7) were analysed independently. Descriptive data are presented as mean (SD). All data from the 19 subjects fully completing the study were analysed using SPSS v.10. The ANOVA repeated measures method was used to analyse the effects of insulin treatment over time. A p value of <0.05 was considered statistically significant. Pearson's correlation coefficient (r) was used to examine the strength of relationships. Bivariate correlation analyses were performed between BWt gain and independent baseline variables including age, prestudy BWt loss, BWt, BMI, body composition, plasma glucose, insulin dose and HbA 1 c, with partial HF ffm increased significantly by 1.3% (p<0.0001) and D ffm decreased by 0.006 kg/l (p<0.001) to Month 6, resulting from an increase in TBW [2.4 (1.5) l] only, as total body protein and BMC remained unchanged. These changes were reflected in significant decreases in the relative proportions of protein and mineral in the FFM (Table 1) with the protein/mineral ratio remaining unchanged.
The BWt gain (Table 2 ) was observed to be mainly in the trunk (+2.1 kg fat, p<0.0001; +1.2 kg FFST, p=0.006) and legs (+0.7 kg fat, p<0.0001; +0.5 kg FFST, p=0.034), reflecting in part an increase in leg muscle mass (0.3 kg, NS). There was also a significant deposition of FFST (TBW) in the arms (+0.24 kg; p=0.003), representing a significant increase in arm muscle mass (+0.21 kg; p=0.002).
Comparing patients on insulin only with those on combination therapy showed a greater deposition of fat in the trunk with insulin alone (+2.6 vs +1.5 kg; p<0.0001) and greater FFM deposition in the trunk for those on insulin + metformin (+2.3 vs +0.6 kg; p=0.009). These differences in trunk fat weight or FFM were mirrored appropriately by changes in BWt, body fat, TBW (HF ffm ) and FFM, with no changes in BMC or total body protein.
In all other respects, there were no significant differences observed between sub-groups for any index of body composition for the insulin vs combination groups, men vs women or for the different races.
BWt gain at Month 6 was positively correlated with insulin dose (r The starting dose of insulin was a significant independent predictor of BWt gain at Month 6 explaining 41% of the variability (p=0.006) with a further 22% (r 2 =0.66; p=0.01) and 12% (r 2 =0.84; p=0.003) accounted for by hip circumference and HbA 1 c respectively. At Month 3, the starting dose of insulin and hip circumference accounted for 68% of the variability (r 2 =0.68; p=0.003). Waist circumference, WHR and sagittal abdominal diameter were not important predictors of BWt gain.
Discussion
Weight gain is a frequent consequence of insulin treatment [2, 3] , and fear of this may act as a deterrent to some patients. The components of this increased BWt have not been clearly defined; some studies have shown equal increases in fat and FFM [6] , whereas others indicated the increase as predominantly FFM [5] . These discrepancies could result from differences in study populations (obese vs non-obese), insulin regimens (conventional vs intensive; continuous vs bolus) or the body composition methodology used (BIA [7] [8] [9] , DXA [5, 6] or tritiated water dilution [10] ). In contrast, use of the 4-CM [13] in this clinical study provided accurately assessed characterisation of the composition of BWt increases in a group of type 2 diabetes patients from the start of insulin therapy, along with a number of other clinically relevant indices (Table 1) , and assessment of BWt distribution through the complementary use of DXA estimates of segmental composition [17, 19] .
Underlying shifts in TBW may compromise the HF ffm in uncontrolled type 2 diabetes. Hyperglycaemia increases the osmotic pressure of the extracellular fluid, leading to a net movement of water from the cellular compartment into the extracellular fluid causing intracellular dehydration. At the same time, glycosuria may also cause decreased tubular reabsorption of fluid and concomitant extracellular fluid dehydration by osmotic diuresis [24] . In this study the HF ffm at baseline was found to be within the normal range. However, insulin therapy, which decreases plasma glucose and glycosuria, still increased the HF ffm by a small but significant amount (+1.3%), with no overt evidence of oedema. The increase in HF ffm was apparently due to an increase in TBW, since total body protein and BMC remained constant.
Some uncertainties remain in defining such changes in FFM. Firstly, the distribution of TBW between intracellular fluid and extracellular fluid was not measured in this study. Secondly, there may be insulin-induced changes in nonosseous mineral, which influence FFM estimates, but were not theoretically detectable using this 4-CM in which a constant ratio of osseous to non-osseous mineral is assumed [13] . Originally based on cadaver dissection and chemical analysis [25] , this assumption cannot be easily addressed with currently available in vivo technology. However, 4-CM estimates are robust to changes in this ratio [13] . Thirdly, the 4-CM is unable to define glycogen as an independent entity and, as its density approximates that of total body protein, glycogen is included in total body protein estimates [13] . Thus, any change in total body protein would not be recognised if there was a similar but contrasting change in glycogen, perhaps due to enhanced glycogenesis in response to insulin. This scenario is unlikely as the anabolic actions of insulin result in deposition of both protein and glycogen. Since these factors would only have small effects [13] , the change in HF ffm can be assumed to be water only, a contention which is supported by the concomitant decrease in D ffm , combined with the decrease in both mineral and protein content (%) of FFM but without changes in the protein/mineral ratio (Table 1) . If changes in either total body protein or BMC did occur over the longer term, they may not be detectable after the shorter 6-month period of this study.
BMI is an unreliable measure for tracking changes in adiposity in type 2 diabetes [26] as it represents total BWt and does not define in any way its main constituents, fat and FFM. Over the 6 months of insulin therapy, more than half (56%) of the mean BWt increase was due to fat deposition (2.9 kg, estimated using the 4-CM) alone. This is probably undesirable, but the demonstration using DXA that the main fat deposition is within the trunk (about 2.2 of the 2.9 kg total fat increase) may be greater cause for concern if this is intra-abdominal, in terms of possible adverse metabolic sequelae. We have not directly demonstrated intra-abdominal or visceral fat accumulation, but the increases in waist circumference and sagittal abdominal diameter suggest visceral fat deposition, and are themselves linked to cardiovascular risk [12, 27] .
In this study, the seven subjects coprescribed metformin showed a predominant deposition of FFM (TBW) in the trunk, in contrast to the 12 subjects on insulin alone who showed increased fat deposition. This differential body fat distribution could account for the beneficial effects of metformin in patients on insulin therapy [10, 14, 28, 29] . Furthermore, patients who are losing significant BWt prior to insulin therapy may be more likely to gain BWt than those who are not. This was shown when the data were subdivided into the insulin-only and combination therapy groups. The combination group was heavier overall than the insulin-only group [77.7 (11.0) vs 65.2 (6.7) kg], and the BWt gain at 6 months was +4.43 (2.9) vs +5.65 (2.6) kg, respectively, suggesting that the mechanism of BWt gain may be different in the heavier patients. However, the implications of these particular findings must be considered only preliminary as the combination therapy group was chosen on the basis of BMI above 25 kg/m 2 , and not randomly selected from all those presenting with type 2 diabetes.
Insulin dose and HbA 1 c were independent predictors of BWt gain at Month 6. The relationship between insulin dose and BWt gain is well described [2, 3] , but that with HbA 1 c is more tenuous. For example, Henry et al. [30] found no correlation between the two, while Sinha et al. [5] found a negative correlation with FFM alone. This has significant therapeutic implications. Some clinicians are reluctant to prescribe insulin for type 2 diabetes because of the risk of weight gain and its adverse sequelae. Insulin is usually commenced when the patient has been diagnosed with a secondary failure of oral hypoglycaemic agents. The early institution of insulin when HbA 1 c levels are less elevated might limit BWt gain and improve insulin sensitivity [31] . Furthermore, BWt gain with insulin did not offset the beneficial effects of improved glycaemic control on metabolic risk, complications or quality of life [6, 32] .
Conclusions
In summary, exogenous insulin therapy is associated with modest BWt gain at 6 months. The early BWt gain is due to both hydration and fat deposition with the latter period associated with fat deposition, predominantly in the truncal region. Metformin tends to a predominance of trunk FFM deposition. The exact mechanisms of BWt gain in type 2 diabetes patient needs further exploration.
